The effect of mouse epidermal growth factor (mEGF) and an mEGF-binding arginine esterase on the growth of cultured human fibroblasts has been studied. Physiological concentrations (10--10-10 M) of the growth factor were found to stimulate DNA replication and cell proliferation in quiescent cultures, and the arginine esterase, which is normally associated with mEGF in vivo, was shown to enhance this growth effect synergistically. The cellular response to mEGF was dependent upon a low, growth-limiting concentration of serum in the extracellular medium. Ascorbic acid, which alone exhibited no growth-promoting effect, could partially replace this requirement, and was found to elicit a rapid and marked increase in proline hydroxylation. Quiescent cultures in serum-free medium containing ascorbic acid were stimulated by the combination of mEGF and the esterase in a manner comparable to that achieved with serum shift-up. The possible requirement of a collagen-containing extracellular matrix for the growth response to mEGF is discussed.
Epidermal growth factor (EGF) is a small polypeptide (molecular weight 6045) purified by Cohen and his collaborators (1) from the submaxillary gland of the adult male mouse. The factor has been shown to stimulate epithelial growth in vivo and in organ culture (1, 2) , and to be mitogenic for mouse and human fibroblasts cultured in vitro (3) (4) (5) . Recently a polypeptide with similar biological activity was isolated from human urine (6) . In the submaxillary gland, mouse EGF (mEGF) is known to exist in a complex (molecular weight 74,000) with a specific arginine esterase (1) . Although the function of this enzyme is unknown, the observation that other growth factors in the submaxillary gland are also found in association with similar arginine esterases (7, 8) suggests a potential role in the growth process for these en- zymes.
In this report it is shown that stimulation of human fibroblast growth by mEGF is enhanced synergistically by the mEGF-binding arginine esterase. The enzyme alone, in the absence of mEGF, was unable to elicit a growth response. It is demonstrated further that the effect of mEGF on the growth of cultured human fibroblasts is largely dependent upon the presence of a low, growth-limiting concentration of serum in the extracellular medium. This requirement for serum can be replaced in part by supplementation of the cultures with ascorbic acid. The vitamin, which alone exhibited no growth stimulatory activity, was found to enhance markedly the formation and secretion of protein hydroxyproline, presumably in collagen. The combination of mEGF, the mEGF-binding esterase, and ascorbic acid in a serumfree environment was able to stimulate DNA replication in quiescent fibroblasts to an extent comparable to that achieved with serum shift-up.
MATERIALS AND METHODS
Preparation of Cultures. Human fibroblasts were derived from an explant of newborn foreskin by standard procedures and were routinely grown in Dulbecco's medium supplemented with 10% fetal-calf serum (GIBCO). The medium contained 50 ug/ml of chlortetracycline and was buffered at pH 7.4 with 20 mM Hepes (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) and Tricine [N-tris(hydroxymethyl)methylglycine] (Calbiochem). The concentration of NaHCO3 was reduced to 1.1 g/liter. Cells were utilized between the 6th and the 18th passages in culture (split ratio, 1:4).
Experimental cultures were initiated from trypsinized cell suspensions and were grown in plastic T-flasks (Falcon, 25 cm2). Approximately 0.25 X 106 cells were inoculated into Dulbecco medium supplemented with 10% calf serum and the cultures were incubated at 370 for 1-5 days, depending upon the final cell density desired. To effect serum shiftdown, the cultures were washed on a rocking platform with two changes of serum-free medium prior to the medium change.
Thymidine Incorporation. The incorporation of [methyl-3H]thymidine (Amersham) was terminated with cold 5% trichloroacetic acid, and after extraction of the acid-soluble fraction the cell layers were dissolved in 0.5 M NaOH. Aliquots of the alkaline solution were made 10% in trichloroacetic acid and the precipitates were filtered and counted. Additional aliquots were analyzed for protein by the method of Lowry et al. (9) , and the incorporation of [3H]thymidine into DNA was expressed per ,tg of protein.
Proline Incorporation. For measurement of [2,3-3H] proline (New England Nuclear) incorporation into macromolecular hydroxyproline, the extracellular culture fluids were exhaustively dialyzed against 1% (vol/vol) acetic acid, and after lyophilization were hydrolyzed in 6 M HC1 at 1100 for [20] [21] [22] [23] [24] hr in sealed ampules. Hydroxyproline and proline were isolated with a Beckman 121 amino-acid analyzer and were counted for radioactivity.
Removal of mEGF from the Esterase. Method 1: The esterase (820 Ag/ml in 0.25 M Tricine, pH 7.4, 0.15 M NaCl) was incubated for 30 min at 370 with 10 mg/ml of activated charcoal, and the charcoal was then removed by centrifugation and filtration of the resulting supernatant solution. Method 2: An anti-mEGF antibody affinity column was prepared by the method of Gospodarowicz (10) , and the esterase (800 gg/ml in 0.005 M Na phosphate, pH 7.3, 0.15 M NaCI) was filtered through the column (total column volume -0.5 ml). Esterase activity was assayed spectrophotometrically using benzoylarginine ethyl ester as substrate as described by Taylor et al. (11) . mEGF was assayed by the Replicate cultures were initiated as described in Methods. After 24 hr the cells were washed and growth medium containing 1-10% (vol/vol) calf serum was added. Following a growth period of 4 days, the cultures were supplemented with either calf serum (7 mg/ml), mEGF (10 ng/ml), arginine esterase (10 ug/ml), or no addition. After an additional 3 days of incubation, cells were enumerated with a Coulter counter. The average cell numbers for duplicate cultures, which varied by less than 5%, are presented.
competitive binding procedure of Carpenter et al. (12) . mEGF and the mEGF-binding esterase were generously supplied by Dr. Stanley Cohen, Department of Biochemistry, Vanderbilt University. The growth factor was purified from mouse submaxillary gland by the procedure of Savage and Cohen (13) . The arginine esterase was obtained from the same source and was purified to homogeneity according to the method of Taylor et al. (14) .
RESULTS
Growth Stimulation by mEGF and the mEGF-Binding Arginine Esterase. Previous studies indicated that mouse EGF could stimulate DNA replication and cell division in cultures of quiescent human fibroblasts limited either by growth to confluence or by serum deprivation (3) (4) (5) . Under our experimental conditions the rate of DNA replication was found to increase after a lag period of about 12 hr, reaching a maximal value [20] [21] [22] [23] [24] hr after the stimulus (5) . In view of the effects of proteases on cell growth (15) , and the unique physical and physiological relationship of mEGF and related growth factors to specific esteroproteases (1, 7, 8) , we decided to examine the effect of the mEGF-binding esterase on cultured fibroblasts. As shown in Table 1 , the esterase purified according to the method of Taylor et al. (14) was able to induce cell proliferation of confluent and serum-limited cultures in a manner comparable to that achieved with mEGF. Although similar esteroproteases from the mouse submaxillary gland had been found previously to stimulate the growth of chick embryo fibroblasts and rat hepatoma cells (16, 17) , the effect of the arginine esterase was somewhat surprising, since others had been unable to elicit a growth response in cultures of human fibroblasts with the use of proteolytic enzymes (18, 19) . In agreement with this latter finding, we were unable to stimulate growth with various concentrations of either Pronase or trypsin (data not shown).
Dose Response to mEGF and the mEGF-Binding Esterase. The dependence of growth stimulation, as measured by DNA replication, on the extracellular concentration of mEGF or the esterase is shown in Fig. 1 . mEGF was found to elicit a maximal effect at a concentration of approximately 5 ng/ml (0.8 nM), while a half-maximal response was observed at about one-tenth of this concentration. As little as 0.1 ng/ml was found to induce a significant (4-to 5-fold) increase in DNA replication. These data are in reasonable agreement with the findings of Hollenberg and Cuatrecasas (4) and indicate that the cells respond to physiologically low concentrations of the growth factor. The maximal effect of mEGF in different experiments varied from 25 to nearly 100% of that elicited by serum shift-up, and was dependent upon the step-down conditions utilized to obtain quiescent cells (see below).
A concentration of 15-20 ,ug/ml (ca 0.5 ,uM) of the arginine esterase added to the medium of quiescent cultures was found to elicit a maximal effect on DNA replication, which was generally larger than that observed following serum shift-up. A half-maximal response was observed with 5-6 MAg/ml, and as little as 0.4 ,g/ml (14 nM) of the esterase induced a measurable effect on DNA synthesis. The magnitude of the maximum response to the esterase was invariably greater than that observed with mEGF measured under comparable conditions. The esterase did not cause-cell detachment nor any pronounced morphological alterations under the experimental conditions utilized.
Requirement of mEGF for Growth Stimulation Induced by the Esterase. Although the esterase purified from the mEGF-esterase complex (14) had previously been shown to lack mEGF activity when tested in newborn mice or in organ cultures of chick epidermis (20) , the sensitivity of the fibroblasts to extremely low concentrations of the factor (Fig. 1) termined that the esterase purified by the usual procedure (14) contained 0.025% by weight of the growth factor (5 ng of mEGF/20 ,g of esterase), a contamination level that would be undetected by criteria normally utilized to evaluate protein homogeneity. Treatment of the enzyme with charcoal or passage through an anti-mEGF antibody affinity column was found to remove 92-96% of the contaminating mEGF from the esterase. The specific activity of the treated enzyme, as measured by the hydrolysis of benzoylarginine ethyl ester, was 90-100% of the original value. Despite the retention of enzymatic activity, however, the esterase purified by treatment with charcoal or by use of the mEGF antibody affinity column exhibited a greatly reduced ability to stimulate DNA replication ( Table 2) . The "EGF-free esterase," however, was found to enhance the growth response to either suboptimal or maximally effective concentrations of mEGF (Table 2 ). It is concluded that the mEGF-binding esterase has no intrinsic growth-stimulating activity, but serves in some unknown manner to enhance the response of quiescent cells to mEGF. Neither trypsin nor Pronase was found to complement mEGF in this manner, but preliminary studies with a commercial thrombin preparation suggest that this enzyme can serve this function.
Serum Requirement for the Response to mEGF. In the preceding experiments serum was present:in the extracellular medium during growth stimulation induced by mEGF. As shown in Fig. 2 , the addition of mEGF to quiescent cultures preincubated in serum-free medium containing 0.1% bovine serum albumin induced a negligible increase in DNA replication. However, a marked effect was observed when the factor was added to cell cultures in medium containing low concentrations of serum, which alone did not significantly enhance DNA synthesis. Since the magnitude of the growth response to the factor varied with the type of serum used (data not shown).
As shown in Fig. 2 , the effect of mEGF relative to that achieved with serum varied with the serum concentration utilized during the nutritional shift-down. In all cases the addition of the esterase elicited a growth response greater than that obtained with a maximally effective concentration of mEGF alone. An esterase preparation purified by the procedure of Taylor et al. (14) , was utilized in these experiments as the source of both mEGF and the enzyme.
It should also be noted that the human fibroblasts utilized in these studies remain viable when cultured in the absence of serum for an extended interval, and are fully responsive to growth stimulation elicited by serum shift-up under the conditions of these experiments (Fig. 2) Cultures were grown to confluence and after two washes were shifted to serum-free medium plus bovine serum albumin (250 Mg/ml). After (L. W. Cunningham and K. J. Lembach, unpublished observations), we examined the effect of ascorbic acid on cell growth. Although the addition of ascorbic acid alone to the culture medium elicited no growth-stimulating effect in the presence or absence of serum, the vitamin was found to enhance significantly the growth response of human fibroblasts to mEGF with or without added esterase (Table 3 ). In the absence of added serum, the increase in DNA replication stimulated by an optimal concentration of mEGF in the presence of ascorbate varied from 25 to 50% of that elicited by serum shift-up, while the response with added esterase was approximately twice that observed with mEGF. Although the absolute level of thymidine incorporation tended to decrease with increasing passage in culture, qualitatively similar results were obtained with all cultures tested. A maximal effect of ascorbic acid was observed with a concentration of 0.5-10,g/ml, while higher concentrations were suboptimal. The concentration required for a half-maximal effect, 1-2 ,uM, is similar to that reported to elicit a half-maximal increase in proline hydroxylase in cultured mouse fibroblasts (23) . Additional experiments not shown indicated that the simultaneous addition of ascorbic acid and the growth effector was necessary to elicit the maximal effect on DNA replication measured during the 20 to 24 hr interval.
Ascorbic acid is known to function as a cofactor and modulator of the proline hydroxylase reaction necessary for the synthesis of collagen and related proteins. In order to evaluate the effect of ascorbic acid on this reaction under the conditions of our experiments, the incorporation of labeled proline into macromolecular hydroxyproline was measured. As shown in Table 4 (16, 17) may be dependent upon the presence of additional growth factors. The observation that the growth response elicited by the mEGF-binding esterase is mediated by minute amounts of mEGF also raises the possibility that the effects of other proteolytic enzymes on cell proliferation may likewise be expressed through the action of similar growth factors.
The present studies offer no explanation of the mechanism by which the arginine esterase enhances the cellular response to mEGF. It has been suggested previously that this and similar enzymes may function to generate active growth factors by cleavage of larger precursors (1) . If this mecha- [2,3-3H] proline (1 mCi/qmol, 5 ,uCi/ml) at zero time. The incorporation of proline into extracellular proteins was analyzed at 4 and 24 hr as described in Methods. The following concentrations were utilized: mEGF, 5 ng/ml; esterase, 20 ,g/ml; ascorbic acid 10 g/iml.
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Cell Biology: Lembach nism is operative in the present case, the resulting growth factor must be functionally distinct from mEGF, since the maximal response to mEGF alone is less than that observed in the presence of the esterase (Figs. 1 and 2 ). Other potential sites for esterase action such as an alteration of the cell surface or the inactivation of an inhibitory factor must be considered speculative in the absence of additional data.
Growth stimulation in response to mEGF was also found to be highly dependent upon the presence of serum in the extracellular medium (Fig. 2) . A marked synergistic effect was observed between the growth factor and.low levels of serum which alone were incapable of stimulating DNA replication. A serum requirement for optimal response to the fibroblast growth factor (25) and for mEGF effects in organ culture has also been described (26) . It is known that mouse cell lines require survival and migration factors in addition to the mitogens present in serum (27) . Since in the present experiments cells preincubated up to 48 hr in the absence of serum remain fully responsive to growth stimulation elicited by serum shift-up (Fig. 2) , it seems unlikely that serum is functioning to maintain cell viability. It has also been reported that human fibroblasts do not require serum for cell migration in vitro (28) , which would argue against this potential function as well.
Although the role of serum in the cellular response to mEGF remains unresolved, it is of interest that an almost equivalent effect of mEGF was observed without serum when cultures were supplemented with low concentrations of ascorbic acid (Table 3) . Under the experimental conditions employed, ascorbate was found to elicit a rapid and pronounced increase of the formation and extracellular accumulation of macromolecular hydroxyproline, probably in the form of a collagenous protein (Table 4) . It should be emphasized that the increase in collagen proline hydroxylation is not sufficient to stimulate growth, since ascorbate alone effected no proliferative response. Studies in progress indicate that collagen or a related protein comprises one component of a substrate-attached matrix which has been reported to be necessary for the growth of cells in culture (22) . If the effect of ascorbic acid to complement mEGF is mediated by hydroxylation of collagen and its incorporation into this extracellular matrix, these considerations might suggest that one response of cells stimulated to multiply by mEGF may be the enhanced synthesis of additional components of this matrix. The role of serum for growth stimulation effected by mEGF might thus be to substitute for the cell-derived extracellular matrix.
